Coastal groundwater level is affected both by tide and pumping. This paper presents a numerical model to study the effects of pumping on tide-induced groundwater level fluctuation and on accuracy of hydraulic parameters estimated via tidal method. Firstly, for the effects of pumping on the groundwater level fluctuation under the combined influence of pumping and tide, groundwater level has a drawdown but eventually reaches a quasi-steady-state again. Steady pumping can attenuate the amplitude but cannot affect the phase of the quasi-steady fluctuation. However, seaward steady pumping plays a relatively obvious role in enhancing drawdown compared with landward pumping, a partial penetration well leads to greater drawdown than a full penetration well, and transient pumping induces large amplitude which does not reflect large transmissivity. Secondly, for the effects of pumping on the accuracy of the parameter estimated via the tidal method, transient pumping or large steady pumping, especially in a full penetration well, significantly affects accuracy of the estimated parameters. However, when the distance between the pumping well and tide observation well exceeds 200% of the distance between observation well and shoreline, pumping effect on estimated parameters can be neglected. The conclusions could provide guidance for reasonable application of the tidal method.
INTRODUCTION
The ocean tide is an important factor that affects groundwater level dynamics in coastal aquifers. It is important to understand the tide-induced groundwater dynamics for many environmental and ecological problems, such as oil spill remediation (Singh et al. ) , nearshore area ecology and biodiversity, beach accretion and erosion, seawatergroundwater circulation, saltwater intrusion (Lian et al. ; Sadeghi-Tabas et al. ), and estimation of aquifer parameters, such as transmissivity (T), storativity (S), and their ratio (Millham & Howes ; Zhou et al. ) .
In addition to ocean tidal forcing, groundwater pumping which is very common in coastal areas for water resource demand is also an important factor affecting coastal groundwater level dynamics. The combined influences of tide and pumping can induce more complicated groundwater level dynamics, which in turn presents challenges in solving environmental problems and estimating aquifer parameters.
For example, Chen & Jiao () observed that the tideinduced hydraulic head fluctuation affected the pumping test data for estimating the hydraulic parameter. They value should be close to the value derived from the drawdown curve obtain from a full penetration well, but the storage value would be inaccurate (Qu & Chen ; Ni et al. , ) . Considering the influence of a partial penetration pumping well, Yang et al. () derived a solution for describing the confined groundwater level drawdown in a partial penetration well under constant pumping rate conditions. This research found that the partial penetration effect is more apparent when the well's screen is shorter. Considering the influence of partial penetration type and large diameter of the pumping well, Ni et al. (, ) presented data reduction methods to remove these influences and determine the hydraulic parameters. Regarding the large-diameter effect, some research reported that the large diameter has an early-time influence on drawdown curve (Qu & Chen ; Ni et al. ) . Together with the influence of water storage in wells (monitoring wells and pumping wells), the large-diameter effect can lead to an overestimation of storage coefficient (Narasimhan & Zhu ; Qu & Chen ) .
From the above reviews, it can be seen that all the previous researches mainly focused on the pumping test, and the previous researches about the combined effects of tide and pumping on groundwater level dynamics primarily focused on correcting the drawdown values during the pumping test for estimating the hydraulic parameters. However, in the coastal area, the tidal method is more economical and convenient than the pumping test to determine the hydraulic conductivity (K) value of the coastal aquifer (Millham & Howes ) . When we estimate the hydraulic parameters of a coastal aquifer using the tidal method, which is based on monitoring groundwater level data, groundwater pumping can affect the accuracy of the monitoring of groundwater level data and the hydraulic parameter estimated by the tidal method. 
Numerical modeling of groundwater level dynamics
In this modeling study, according to the locations of observation wells GC1 and GC3, a 2D vertical cross-section perpendicular to the coastline was selected as the model domain ( Figure 3 ). This model domain is homogeneous, with a horizontal bottom and a gently sloping beach. 
Boundary conditions
The boundary conditions assigned in the numerical model are shown in Figure 3 
Model parameters
According to the hydrogeologic investigation in this area, the horizontal hydraulic conductivity (Kx) of this coastal aquifer is 3.27-5.43 m/d, and the specific yield (S y ) of this coastal aquifer is 0.09-0.22. For the transport in SEAWAT model, it is difficult to obtain actual dispersivity values through field dispersion experiments. In our model, the longitudinal dispersivity (α L ) was set as 10 m that was determined based on the relationship between longitudinal dispersivity (α L ) and scale (L s ) of 2D numerical model for porous media (Li & Chen ) . The research of Ranganathan & Hanor () proved that a transverse dispersivity (α T ) close to one-fifth of the longitudinal dispersivity (α L ) can be used in a cross-sectional transport modelling for an aquifer system. So in our model, the transverse dispersivity (α T ) was set as 2 m. The density of seawater was set to 1.025 g/cm 3 while the density of freshwater was set to 1 g/cm 3 . The model input parameters are listed in Table 1 . 
Model calibration
The main objective of calibration is to obtain reasonable results matching with the field monitoring data by adjusting the parameters that can characterize the aquifers system. Firstly, using the groundwater level data of GC1 and GC3 measured in mean sea level period, a preliminary calibration for the steady groundwater flow model was initially conducted to estimate the hydraulic conductivity (K) value.
The anisotropy ratio Kz/Kx (vertical versus horizontal hydraulic conductivity) was 0.1. For this model, the cali- Based on the calibrated results of the reasonable head match and hydraulic parameters (including hydraulic conductivity and specific yield), it can be seen that this numerical model is reasonable and can be selected as the base model for simulating groundwater level dynamics under influence of groundwater pumping.
It should be noted that, as a result of the lack of salinity data, this model was not able to calibrate the salinity dynamics. Some previous research about the variable density effect on the groundwater level dynamics shows that the variable density has no significant influence on tideinduced groundwater level dynamics (Ataie-Ashtiani et al.
, because the hydraulic gradients generated by the tidal cycle is much larger than that generated by variable density effects. Overall, this model can be used to study the pumping effects on groundwater level dynamics of the aquifer part above the salt wedge. In the next modeling study of the pumping effects on groundwater level dynamics, the salinity or density effects were neglected. 
RESULTS AND DISCUSSION
Using the calibrated model, various groundwater pumping scenarios were designed to study the pumping effects on tide-induced groundwater level fluctuation and on the accuracy of the hydraulic parameter estimated by tidal method.
Those pumping scenarios considered different pumping well location, transient pumping, and partial penetration wells with different screen length, respectively.
Effects of the pumping well location
Previous studies ( 
In this equation, T[L 2 T À1 ] is the transmissivity of the aquifer, S is the storativity of the aquifer, t p [T] is the period of the tide,
A GC1 and A GC3 are the amplitudes of the groundwater level fluctuations in wells GC1 and GC3, respectively, and x GC1
(126 m) and x GC3 (256 m) are the landward distances from the coastline to wells GC1 and GC3, respectively. Table 2 . Table 2 shows that the estimated parameters (average value of T=S) in all the scenarios with pumping influence have a certain relative error. It can be concluded that, when the distance between the landward pumping well and the tide observation well exceeds 200% of the distance between the tide observation well and the mean shoreline, the relative error of the estimated parameters is less than 1%, in which case the tidal method can be used to estimate hydraulic parameters.
Moreover, to investigate the difference between the effects of seaward and landward pumping activities on the tide-induced groundwater level fluctuation, two scenarios are designed: locating the pumping well at X 1 0 and X 1 (Figure 3) . The seaward distance from X 1 0 to observation well GC3 is equal to the landward distance from X 1 to GC3. The simulated result is shown in Figure 6 . From tide-induced groundwater level dynamics than steady pumping. Meanwhile, it should be noted that, with the combined action of tidal forcing and transient pumping, the enhanced large amplitude does not mean a large transmissivity of the coastal aquifer.
As we know, a higher steady pumping rate can induce a greater groundwater level drawdown. However, the effect of pumping rate on the accuracy of the aquifer's hydraulic parameters estimated via tidal method still needs to be investigated. To this end, using the simulated groundwater level data jointly induced by steady pumping and tidal forcing, the hydraulic parameter (T/S) was estimated via the tidal method (Table 3) . From the calculated relative error in Table 3 , it can be seen that a larger pumping rate could induce a greater calculation error. So it can be concluded that the influence of pumping rate on the accuracy of the estimated parameters via the tidal method cannot be ignored.
Effects of the partial penetration well
For the purpose of discussing the effect of a partial pen- No consistent rule exists to describe the effects of the partial penetration well on the amplitude.
Furthermore, the aquifer parameters were estimated according to the tidal method and simulated groundwater level data in each scenario (Table 4) . The calculated relative error data in Table 4 clearly demonstrate that the effect of full penetration well on the accuracy of the estimated results via the tidal method is more obvious than that of a partial penetration well. Relative error 0.71% Those conclusions not only provide some in-depth understanding about the coastal groundwater level dynamics, but also provide useful guidance for reasonable application of the tidal method in determining hydraulic parameters of a coastal aquifer.
